Viviparous lizards living in cold climate of high altitude often exhibit atypical reproductive cycles, in which mating and fertilization occur synchronously and annually with parturition occurring at the end of the year. Nevertheless, detailed case studies on atypical reproductive cycles are few. Using anatomical data combined with behavioral observations, we examined the reproductive cycle of a common Asian agamid, Phrynocephalus vlangalii, from a high-elevation area in Sichuan, China. Male spermiation of P. vlangalii occurred in May, and spermatogenesis began in June and reached a maximum in October. For females, ovulation and fertilization occurred in May, and females developed gestation and pregnancy in 3 months from June to August, without vitellogenesis during this period. Females gave birth synchronously in late August, then vitellogenesis began and lasted until May of the next year. All adult males and females were synchronized in the same reproductive condition each month. The synchronous and annual reproductive cycle of P. vlangalii clearly represents an atypical cycle. The male courtship and mating behaviors were concordant with gonadal cycle and mainly happened in May and June. Despite the short growth period for neonates, they had a high over-winter survival rate of 84.4%, suggesting that autumn parturition did not generate high costs to this reproductive cycle. We propose that the high over-winter survival rate of neonates is likely linked with female delayed sexual maturity, female asynchronous vitellogenesis and gestation, large relative clutch mass (RCM), and adult-offspring burrow sharing behavior during hibernation.
Introduction
The timing of events during a reproductive cycle affects multiple life history traits that are acted on by natural selection to maximize reproduction of offspring (Roff 2002; Shine 2005) . For viviparous lizards, the reproductive cycle is largely dependent on abiotic factors, such as precipitation, temperature and photoperiod (Shine 2005; Ram ırez-Pinilla et al. 2009; Clusella-Trullas et al. 2011) . For example, precipitation and temperature in tropical zones are consistently high (Clusella-Trullas et al. 2011) , and males tend to reproduce throughout the year, whereas females exhibit a seasonal pattern (Vial and Stewart 1985; Hern andez-Gallegos et al. 2002) . In montane areas of central Mexico, asynchronous seasonal reproductive cycle is characteristic of multiple viviparous lizards, including Phrynosomatidae (e.g., Sceloporus grammicus from Hidalgo, Mexico, Hern andez-Salinas et al. 2010 ; S. minor from La Manzana of Hidalgo, Mexico, Ramirez- Bautista et al. 2014) , Scincidae (e.g., Eumeces copei, from Eje Neovolcanico, Mexico, Ramirez- Bautista et al. 1996) , and Xantusiidae (e.g., Lepidophyma sylvaticum, Ramirez- Bautista et al. 2008) , in which mating occurs several months prior to ovulation, and parturition occurs in favorable seasons with high availability of food and thermal opportunities (Ramirez-Bautista et al. 1996; Hern andez-Salinas et al. 2010) . In some cold environments of high altitudes, however, viviparous lizards are found to exhibit synchronous seasonal reproductive cycle, in which, mating occurs simultaneously with ovulation, and females give birth in autumn when temperature begins to decline (e.g., Liolaemus lineomaculatus, Medina and Ibarg€ uengoyt ıa 2010; Phymaturus zapalensis, Boretto and Ibarguengoytia 2009; P. punae, Boretto et al. 2007 ; S. grammicus, Ram ırez- Bautista et al. 2012; Zootoca vivipara, Roig et al. 2000) . This reproductive cycle is regarded as "atypical," because neonates would almost immediately face a long time in hibernation without sufficient time to grow and acquire sufficient energy storage to survive (Medina and Ibarg€ uengoyt ıa 2010; Ram ırez-Bautista et al. 2012) . Several hypotheses have been proposed to explain the adaptation of atypical reproductive cycle, such as thermal behavior adjustment, asynchrony in vitellogenesis and gestation, prolonged reproductive cycles, and plasticity in frequency of reproduction (Olsson and Shine 1999; Shine 2005) . Nevertheless, direct evidence testing those hypotheses is lacking (Ibarg€ uengoyt ıa 2004; Boretto and Ibarguengoytia 2006; Shine 2006) .
Offspring survival is one of the most important indicator of reproductive cycle adaptation, and many viviparous lizards regulate their sexual mature age, gonadal cycle, and energy to improve their offspring survival (Jones et al. 1997; Ibarg€ uengoyt ıa 2004; Shine 2005; Piantoni et al. 2006; Boretto and Ibarguengoytia 2009) . Delaying sexual maturity with large female body size has been found in many high-elevation lizards, and large females tend to give birth to large offspring, thereby increase offspring over-winter survival (Piantoni et al. 2006; Boretto et al. 2015) . The timing of the events of reproductive cycles, like spermatogenesis and vitellogenesis, is also important to offspring survival in viviparous lizards (Guillette and Casas-Andreu 1980; Ibarg€ uengoyt ıa 2004; Ram ırez-Bautista et al. 2012) . Asynchronous gonadal activity, where spermatogenesis and vitellogenesis occur in separate seasons, is common in lizards from cold environments of high altitudes, because of endocrinal and energy constraints (Custodia-Lora and Callard 2002; Ibarg€ uengoyt ıa 2004; Boretto et al. 2015) . Ceasing vitellogenesis during gestation allows more energy to be allocated to embryos (Ibarg€ uengoyt ıa 2004) . Furthermore, relative clutch mass (RCM), associated with the amount of energy investment in reproduction, is often adjusted by female lizards to ensure offspring survival (Agrawal et al. 2001; Shine 2005) .
Lizards living in cold environments at high elevations provide an excellent system to study atypical reproductive cycle. Many lizards in high elevations are viviparous (Shine 2005) , and more importantly, they are under strong environmental stress associated with food availability, thermal opportunities, and offspring survival. These factors likely promote evolution of diverse reproductive cycles (Jin and Liu 2007; Hern andez-Salinas et al. 2010; Medina and Ibarg€ uengoyt ıa 2010; Ram ırez-Bautista et al. 2012) . For example, a high proportion of lizards in highelevation regions evolve autumn reproductive cycle, in which spermatogenesis and vitellogenesis occur in spring and summer, fertilization and gestation occur in winter, and parturition occurs in spring of the next year (Guillette and Casas-Andreu 1980; Jim enez-Cruz et al. 2005) . Some lizards in highland adopt spring and summer reproductive cycle, in which spermatogenesis, vitellogenesis, and gestation happen in spring and summer (Gavaud 1986; Pilorge 1987; Powell and Russell 1991) . Diverse reproductive cycles might be the result of local adaptation or plastic responses to similar ecological conditions among different species, which may have been the driving forces behind the evolution of atypical reproductive cycle, but the mechanism of this hypothesis is presently unknown (Ibarg€ uengoyt ıa 2004; Ram ırez-Pinilla et al. 2009; Ram ırez-Bautista et al. 2012) .
The Qinghai toad-headed agama (Phrynocephalus vlangalii) (Fig. 1) is a common and widespread viviparous lizard at the Qinghai-Tibetan Plateau. The species occurs along a broad elevation gradient from 2000 to 4500 m a.s.l. (Zhao 1999) . Field observation revealed that lizards first emerge from hibernation in early April, and courtship and mating behaviors occur in May and June. Parturition is inferred to occur in August, because of the presence of neonates in late August and September, which is also the period when air temperature begins to decline. Hibernation is inferred to occur in late October, because few lizards are observed after this time. These observations suggest that the reproductive cycle of P. vlangalii is likely atypical. In this study, we examined the annual gonadal cycle and age of sexual maturity of P. vlangalii. Meanwhile, the adaptive advantages of this reproductive cycle were explored by examining over-winter survival of their offspring. 
Materials and Methods

Sampling
Our study site is located near the Xiaman Conservation Station of the Zoige Wetland Nature Reserve in southwestern China (33.71389°N, 102.48543°E; elevation 3475 m a.s.l.). The climate of this area is characterized by a short spring and summer (4 months, from April to July, with high availability of food and thermal opportunities) and long autumn and winter (8 months, with autumn lasting from August to September, and winter lasting from October to March of the next year). The seasonal variation of temperature, precipitation, and photoperiod is presented in Figure 2 . The 40-year period climatic data are collected from China Meteorological Data Sharing Service system (http://cdc.cma.gov.cn/ home.do). Phrynocephalus vlangalii in Zoige mainly occurs on and around sand dunes with a high density of approximately 3000 lizards/ha. The vegetation is predominantly composed of a shrub (Salix sclerophylla) and three grass species (Kobresia humilis, K. prattii, and Elymus natans) (Wu et al. 2002) .
To determine male and female reproductive cycle, 4-12 lizards of each sex were captured in 2 days of each month from April to November in 2012. In addition, 15 neonates and 18 subadults (SVL < 50 mm, Wu et al. 2002) were captured in September of 2012 to determine the age of sexual maturity (Table 1) . Immediately after capture, lizards were euthanized with an over dose of 5% pentobarbital sodium solution and the snout-vent length (SVL) was measured to the nearest 0.01 mm using a digital caliper (Mitutoyo, Kanagawa, Japan). Voucher specimens were fixed and preserved with 10% buffered formalin. The adult sex was determined with the presence/absence of hemi-penis bulge, whereas subadults were determined by examination of the gonads.
Morphological examination
Following previous studies, we used three measurements to estimate the gonadal cycle in males, testis volume, diameter of the seminiferous tubules, and stage of spermatogenesis (Ibarg€ uengoyt ıa 2004; Ram ırez- Bautista and Olvera-Becerril 2004) . The maximum and minimum diameter of left testis were measured to estimate testis volume (V) using the formula V = 4/3Πab 2 , where "a" represents 1/2 of maximum testis diameter, and "b" represents 1/2 of minimum testis diameter (Selby 1965) . We measured only the left testis because previous studies suggest that testis sizes do not differ between left and right (Ibarg€ uengoyt ıa 2004) . Male left testis tissue was dissected and prepared for section using the standard paraffin section technique (Estrada-Flores et al. 1990; Farias et al. 2006) . The diameter of seminiferous tubule was measured under light microscope with an ocular micrometer (Estrada-Flores et al. 1990; Farias et al. 2006) . Six stages of spermatogenesis were defined according to protocols of Radder et al. (2001) . We tested for variation in testis volume and diameter of the seminiferous tubules among months using an ANCOVA with SVL as the covariate. For adult females, follicle size and liver mass were used to track female gonadal cycle (Ram ırez- Bautista et al. 2006) . The maximum volume of follicle was measured using the same formula as male testis. Liver mass is an important indicator of reproductive activity, especially for pregnant females because of its link with energy storage (Ram ırez- Bautista and Vitt 1997; Jim enez-Cruz et al. 2005) . The embryo wet mass and yolk dry mass were measured as supplementary information to determine female reproductive cycle, with yolk being dried at 60°C in a drying oven. The variations of follicle size and liver mass across months were tested using ANCOVA, while the SVL was controlled for.
The age of sexual maturity was determined by comparing the body size (SVL) of different age groups. We first determined the sexual maturity by examining the gonads. For males, testis with sperm in seminiferous tubules marks sexual maturity (Goldberg and Lowe 1966; Ram ırez-Bautista et al. 2013 ). For females, we used the developing embryo or enlarged follicles as indicators of sexual maturity (Ramirez-Bautista et al. 1998; Ram ırez-Bautista and Olvera-Becerril 2004) . We then classified lizards into three age groups: an adult group consisted of mature males and females, a subadult group consisted of individuals without obvious gonads, and a neonate group consisted of neonates captured in September. The SVL of neonates were used as criterion of zero-year age. The significance of SVL among different age groups was tested using two-sample t-test. To validate the age of sexual maturity, twenty neonates were marked in our seminature enclosure since September of 2013, and re-captured and measured in September of 2014 and 2015, respectively.
Behavioral observation and offspring fitness
Behavioral observation was carried out in twelve small populations in seminature enclosures (length 9 width 9 height = 5 9 5 9 1.5 m) at the Xiaman Research Station, two kilometers away from our wild site, in 2012. Each population consisted of four males and six females, and the sex ratio and density (4000 lizards/ha) were similar to these of the wild populations. These populations were established primarily for a research project on female intrasexual competition. We recorded the frequency of male courtship and mating behavior using random scan from May to August in 2012 (Martin and Bateson 2007) . The values for offspring SVL, offspring mass, litter size, and offspring over-winter survival were collected based on the twelve enclosures and used as measurement of offspring fitness. In addition, the female prenatal SVL was collected and used as measurement of female size. The female RCM was calculated by the clutch mass/female postpartum mass (Shine 1992 ) and used to measure the amount of female energy investment in reproduction. The relationship between female size and offspring fitness was tested using Pearson's correlation or Spearman's rank correlation test. All analyses were carried out in R version 3.1.2 (R Development Core Team 2011).
Results
Gonadal cycle
For males, the testis size and diameter of seminiferous tubule decreased sharply from April to June, then increased gradually until September, and appeared to remain at maximum size during hibernation, because no significant change was observed after hibernation (Fig. 3) . Testis size and diameter of seminiferous tubule varied significantly among months, while SVL was controlled for (testis size: month, F 7, 63 = 35.51, P < 0.001, SVL, F 1, 56 = 132.99, P < 0.001; seminiferous tubule diameter: month, F 7, 63 = 48.01, P < 0.001, SVL, F 1, 56 = 5.39, P = 0.02). The spermatogenesis stage was consistent with the variation of testis size and seminiferous tubule diameter (Fig. 4) . In June, the seminiferous tubules consisted entirely of spermatogonia (Stage I), while both spermatogonia and spermatocytes could be found in August (Stage II), and spermatids became abundant in September (Stage III). The peak of spermiogenesis occurred in October, with a great number of spermatids and sperms observed in seminiferous tubules (Stage IV). During April and May of the next year, the spermatogenesis declined sharply (Stage V). For females, enlarged follicles became embryos in late May and continually grew in mass from June to August, meanwhile the yolk mass decreased gradually from June to August, suggesting fertilization occurs in May (Fig. 5 ). Follicles were reduced in size through June-August. Vitellogenesis began in late August and continued through December. Follicle growth reached a maximum between September and October, and appeared to remain at maximum size from November to March. All adult females were synchronized in the same reproductive condition each month (Fig. 6A) . At the same time, the liver mass decreased gradually from June to August, then increased sharply from August to October, and remained at high level during hibernation (Fig. 6B) . The ANCOVA found significant monthly variation in follicle size and liver mass (follicle size: month, F 7, 62 = 108.2, P < 0.001, SVL, F 1, 55 = 270.66, P < 0.001; liver mass: month, F 7, 62 = 53.76, P < 0.001, SVL, F 1, 55 = 149.27, P < 0.001).
Sexual maturity
The minimum SVL for adult male was 53 mm, while the minimum SVL for adult female was 51 mm. The average SVL for adult male was 58.04 AE 2.33 mm (n = 72), while the average of adult female was 56.56 AE 2.58 mm (n = 71). Adult males were significantly larger than adult females (t = 6.23, P < 0.001, df = 12.54). For subadults, the average SVL of males was 45.14 AE 1.81 mm (42.8-47.3 mm, n = 10), and females exhibited an average of 41.67 AE 1.04 mm (40.23-43.12 mm, n = 8) in SVL. For juveniles, the average SVL was 26.86 AE 1.17 mm (n = 15). The adult male and female were significantly larger than subadult males and females (P < 0.001), respectively. Meanwhile, the SVL of subadult male and female was significantly larger than these of neonates (P < 0.001), suggesting that males and females required at least 2 years to reach sexual maturity. This was corroborated by mark-recapture study, that average SVL of neonates was 28.41 AE 0.26 mm (n = 16) in 2013, while in 2014, males exhibited an average of 42.79 AE 2.35 mm (n = 8) in SVL, and female showed an average of 40.71 AE 1.25 mm (n = 8). In 2015, the average SVL of males was 53.09 AE 1.48 mm (n = 8), while the average SVL of females was 51.11 AE 1.31 mm (n = 8), which have reached the size of sexual maturity.
Male reproductive behaviors and offspring fitness
After emergence from hibernation in late April, males first established territory. Courtship and mating behavior occurred synchronously with female emergence in early May. This period lasted till early June. The first courtship case was observed on May 14th in 2012, and the last case was observed on June 10th. The frequency of courtship and mating behavior decreased gradually from May to June, and no reproductive behavior was observed after June. The parturition was synchronous and lasted from August 28th to September 12th. Hibernation began in late October, and no lizard was observed out of burrow after November 20th. We captured 96 neonates from 39 females in the enclosures, with mean litter size of 2.46 AE 0.88 (n = 39) ranging from 1 to 4. The average SVL of neonates was 26.12 AE 0.99 mm (n = 39), while the average mass of neonates mass was 0.90 AE 0.10 g (n = 39). Large females produced large neonates both in mass (r = 0.38, P = 0.016, df = 37) and SVL (r = 0.42, P = 0.007, df = 37), while no relationship was detected between female SVL and litter size (r = 0.19, P = 0.25, df = 37). The average RCM was 0.37 AE 0.14 (n = 39), with a range from 0.12 to 0.62. In April 2013, 81 neonates were re-captured. The overall over-winter survival 
Discussion
Intersexual synchronous and annual reproduction clearly demonstrates that P. vlangalii exhibits an atypical reproductive cycle. Females start vitellogenesis in autumn, retain their follicles in utero during winter, and ovulate in spring of the next year. Parturition occurs in midautumn, 2 months before hibernation. Male spermatogenesis occurs in summer and autumn, and spermiation happens simultaneously with ovulation in spring of the next year. All adult males and females are synchronized in the same reproductive condition each month. This reproductive cycle is atypical, compared to several montane viviparous lizards that show asynchronous reproductive cycles (e.g., E. copei, from Eje Neovolcanico, Mexico The atypical reproductive cycle of P. vlangalii likely represents an alternative reproduction strategy among viviparous lizards living in cold environments of high altitudes (Roig et al. 2000; Medina and Ibarg€ uengoyt ıa 2010; Ram ırez-Bautista et al. 2012; Fernandez et al. 2015) . Similar reproductive cycle has been observed in several viviparous lizards in highlands of Mexico and Patagonia, including L. lineomaculatus (Medina and Ibarg€ uengoyt ıa 2010), S. grammicus (Ram ırez- Bautista et al. 2012) , and L. sarmientoi when females give birth earlier (Fernandez et al. 2015) . Variations of reproductive cycle are generally associated with abiotic factors, such as precipitation, temperature, and photoperiod. While spermatogenesis is often positively associated with temperature, the vitellogenesis is more correlated with precipitation (Shine 2005; Ram ırez-Pinilla et al. 2009; Clusella-Trullas et al. 2011) . In temperate zone, most viviparous lizards exhibit an autumn reproductive cycle, in which females begin vitellogenesis in summer, ovulate in autumn, gestate in winter, give birth in spring and summer of the next year (Guillette and Casas-Andreu 1980; Jim enez-Cruz et al. 2005; Ram ırez-Pinilla et al. 2009 ). This reproductive cycle provides offspring abundant time for foraging and growth before winter (Ramirez-Bautista et al. 1996; Jim enez-Cruz et al. 2005) . Meanwhile, females also gain ample food and store enough energy for follicle development and pregnancy in next cycle (Goldberg 1971; Guillette and CasasAndreu 1980; Ramirez-Bautista et al. 1996) . In cold climate of high altitudes, such as the Qinghai-Tibetan Plateau, the winter season is long and temperature is often below À15°C (Fig. 2) . The harsh climatic conditions likely influence the gestation and embryo viability (Atkins et al. 2007 ); therefore, females tend to accelerate gestation during favorable seasons without vitellogenesis and give birth in autumn before winter Boretto and Ibarguengoytia 2009) . Meanwhile, neonates face a long time in hibernation almost immediately after birth without sufficient time to grow and acquire sufficient energy storage to survive (Medina and Ibarg€ uengoyt ıa 2010) . Such harsh environment may promote the evolution of diverse strategies for offspring over-winter survival (Ruby 1977; Shine 2006; Boretto et al. 2007 ). For example, newborns of P. punae exhibit large fat bodies and intra-abdominal yolk , and pregnant females of several viviparous lizards can adjust their thermal behaviors to maintain higher and stable body temperatures than their environments (Ruby 1977; Shine 2006) .
The high over-winter survival rate of neonates in P. vlangalii suggests that autumn parturition did not generate high costs to this atypical reproductive cycle. Compared to the over-winter survival of other viviparous lizards (e.g., N. ocellatus, Uller et al. 2011, 41 .5% for highland population; 30.7% for lowland populations), P. vlangalii had a higher over-winter survival rate (84.4%). Several life history traits may have contributed to the neonates over-winter survival. First, P. vlangalii has a delayed sex maturity age, and late sexual maturity allows female to reach sexual maturity at large body size and to give birth to large offspring (Piantoni et al. 2006; Boretto et al. 2015) . P. vlanglaii needs at least 2 years to reach sexual maturity, while for other low-elevation Phrynocephalus species, for example, P. przewalskii and P. grumgrzimailoi, offspring can reach sex maturity in 10-11 months (Liu et al. 2012; Zhao and Liu 2014) . The minimum SVL for mature male and female P. vlangalii was 53 mm and 51 mm, respectively, much larger than these of other Phrynocephalus lizards from low-elevation areas, for example, 45 mm and 43 mm, respectively, for male and female in P. przewalskii (Zhao and Liu 2014) , and 48 mm and 47 mm, respectively, for male and female in P. grumgrzimailoi (Liu et al. 2012) . Heavy and large offspring have higher fitness compared to small offspring, especially for species from high-elevation areas (Piantoni et al. 2006; Jin and Liu 2007; Li et al. 2014) . The positive (r = 0.21) relationship between female body size and offspring over-winter survival in P. vlangalii suggested the contribution of female body size to offspring survival, although statistically not significant. The lower significance might be constrained by our small sample size. Second, female P. vlangalii allocate a large amount of energy to embryonic development. This is evidenced by the female asynchronous gestation and vitellogenesis, and the large RCM. Embryonic development needs much energy (Ortiz et al. 2001) , and metabolic cost of maintaining pregnancy is high (Robert and Thompson 2000) . In addition, endocrinal factors may also constrain the simultaneous vitellogenesis and gestation (Custodia-Lora and Callard 2002). Female P. vlangalii ceased vitellogenesis after ovulation and probably allocates much energy to embryo development as many viviparous lizards often do, such as S. grammicus microlepidotus (Guillette and CasasAndreu 1980) , S. mucronatus (Estrada-Flores et al. 1990) , and E. copei (Ramirez- Bautista et al. 1996) . In addition, P. vlangalii exhibited a larger RCM of 0.37, compared to other viviparous lizards, for example, 0.23 for Xenosaurus grandis rackhami (Zamora-Abrego et al. 2007) and 0.22 for Eulamprus tympanum (Doughty and Shine 1998) , which corroborated that a large amount of energy was invested in reproduction by female P. vlangalii. Third and more importantly, neonates of P. vlangalii are known to share over-winter burrows with adults (Qi et al. 2012) , which may be the most important contributor to the high offspring over-winter survival. A suitable burrow is essential for offspring survival in the long, cold, and snowy Zoige winter, especially for those neonates given birth at the end of the year (Medina and Ibarg€ uengoyt ıa 2010) . Qi et al. (2012) found that adults of P. vlangalii shared burrows with nonrelated neonates, which is different from kin-based associations in Egernia-Liopholis clade of Australian skinks (Chapple 2003) . This behavior likely protects offspring against predictors (Sinn et al. 2008) , and more importantly, maintain high and stable environment temperature for offspring (Ruby 1977; Shine 2006) . Similar burrow sharing behavior between adults and neonates has been observed in lizard L. elongates (Halloy et al. 2007) . Although females delayed their vitellogenesis during embryonic development, both spermatogenesis and vitellogenesis complete simultaneously in spring of the next year. Apparently, females are capable of accumulating sufficient energy for ovum recrudescing within a short time period. Our field observations suggested that two potential mechanisms may account for the female efficient energy accumulation. First, females may allocate more time in foraging after parturition compared to males. Second, females may postpone the time to hibernation, thereby prolong the foraging time. These hypotheses still need to be tested in future studies.
In summary, P. vlangalii exhibits an atypical reproduction cycle, which may represents an adaptation to its high-elevation environments, because of its high offspring over-winter survival. We argue that delayed sex maturity, asynchronous gestation and vitellogenesis, large RCM, and adult-offspring burrow sharing behaviors have likely contributed to the success.
